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Impact statement

Evidence regarding the significance of
healthy dietary intake in mental health and
cognitive functioning is accumulating.
Simultaneously, increased emphasis is
being placed on the microbiome in shaping
brain and behavior. While literature reviews
on overall dietary intake and the brain have
previously been published, an overview of
the state of the literature on dietary fiber
and cognitive function in human popula-
tions has not been provided, partly due to
the limited amount of studies that are
available. However, to understand the
state of the knowledge and identify future
research needs, such a summary is
essential. In this mini review, we synthesize
these recent findings, offer compelling
discussions on important questions that
remain to be answered, and outline future
study designs that are necessary to
advance the knowledge of the field.

Abstract

Healthy dietary intake has been acknowledged for decades as one of the main contributors
to health. More recently, the field of nutritional psychiatry has progressed our understand-
ing regarding the importance of nutrition in supporting mental health and cognitive function.
Thereby, individual nutrients, including omega-3 fatty acids and polyphenols, have been
recognized to be key drivers in this relationship. With the progress in appreciating the
influence of dietary fiber on health, increasingly research is focusing on deciphering its
role in brain processes. However, while the importance of dietary fiber in gastrointestinal
and metabolic health is well established, leading to the development of associated health
claims, the evidence is not conclusive enough to support similar claims regarding cognitive
function. Albeit the increasing knowledge of the impact of dietary fiber on mental health,
only a few human studies have begun to shed light onto the underexplored connection
between dietary fiber and cognition. Moreover, the microbiota-gut-brain axis has emerged
as a key conduit for the effects of nutrition on the brain, especially fibers, that are acted on
by specific bacteria to produce a variety of health-promoting metabolites. These metabo-
lites (including short chain fatty acids) as well as the vagus nerve, the immune system, gut

hormones, or the kynurenine pathway have been proposed as underlying mechanisms of the microbiota-brain crosstalk. In this
minireview, we summarize the evidence available from human studies on the association between dietary fiber intake and cog-
nitive function. We provide an overview of potential underlying mechanisms and discuss remaining questions that need to be
answered in future studies. While this field is moving at a fast pace and holds promise for future important discoveries, especially
data from human cohorts are required to further our understanding and drive the development of public health recommendations

regarding dietary fiber in brain health.
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Introduction the value of fiber in promoting health only emerged as an
important concept in the late 1960s and early 1970s.>*
While dietary fiber now is well recognized for supporting
gastroin’cestinal,5 immune, and metabolic health,®” the
appreciation for its importance in cognitive function is
less explored. Emerging evidence from animal studies
using synthetic, extracted, or single foods high in fiber
shed light on the critical involvement of fiber in cognition
(e.g. exploratory behavior, recognition memory, attentional
set-shifting performance),&9 but data from human cohorts

You are what you eat!

This mantra, which has become engraved into the English
language in the early 1940s, summarizes the fundamental
influence of food in our daily lives.! With the isolation of
the first vitamin, thiamine, in 1926, discoveries on the role
of specific nutrients in bodily functions and health have
accelerated and new findings are still being revealed to
this day. Although dietary fiber was first defined in 1953,
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are scarce, with only a handful of observational and inter-
ventional studies being available.'*"

Undigested dietary fiber provides the major nutrient
source for the human gut microbiota, the trillions of
microbes (including bacteria, viruses, archaea, lower and
higher eukaryotes, fungi and protozoa)'* that inhabit the
gastrointestinal tract, influencing its diversity, composition,
and metabolic capacity. The impact of the gut microbiota on
the brain via the microbiota-gut-brain axis has been more
and more appreciated over the last decade.'® Early evi-
dence from animal models’®"” is progressively followed
with data from human studies, demonstrating an associa-
tion between the gut microbiota and cognition.'®
Additionally, intervention studies, albeit limited,* have
begun to demonstrate that targeting the microbiota (i.e.
probiotics, prebiotics) can modify cognitive abilities (e.g.
cognitive flexibility, sustained attention, memory, verbal
learning, social emotional cognition).”>*! Thus, with the
increasing need of deciphering underlying mechanisms of
the effect of dietary fiber on the brain, gut microbes as well
as metabolites produced by microbial digestion of fiber
(e.g. short chain fatty acids (SCFA)) have risen as major
candidates.

The focus of this minireview is to compile the
available evidence from the human literature regarding
the association between dietary fiber and cognitive func-
tion, outline the potential pathways mediated by the gut
microbiota, and discuss remaining questions and future
research needs.

What is dietary fiber?

Definition and types of dietary fiber

After the term dietary fiber was first coined in 19532, its
definition has evolved over the years. The definition now
adopted by most countries” was provided in the Codex
Alimentarius in 2009, defining dietary fiber as
“carbohydrate polymers with ten or more monomeric
units which are not hydrolyzed by the endogenous
enzymes in the small intestine of humans”.* Due to a
large proportion of dietary fibers being inaccessible to
microbial degradation, more recently the term
“microbiota-accessible carbohydrates” was proposed to
refer to fibers that can be used by indigenous microbes.**
Another well-studied type of dietary fiber is prebiotics,
which are defined as “substrates that are selectively
utilized by host microorganisms conferring a health ben-
efit” %> It is important to note that while most prebiotics can
be classified as dietary fibers, not all fibers can be classified
as prebiotics. Likewise, other nutrients, which are not die-
tary fibers, e.g. polyphenols and omega-3 fatty acids, have
also been described to exert “prebiotic-like” effects on the
microbiota.*™*

Different types of fibers are included under the broad
umbrella of dietary fiber (Box 1), which differ in their chem-
ical properties (e.g. viscosity, solubility, and fermentability).
For detailed reviews, we direct the reader to Gill et al. and
Dhingra et al.>*° These physiochemical properties are used
to categorize dietary fibers, most often into soluble (e.g.
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pectins, f-glucans) vs. insoluble (e.g. cellulose) fiber.
However, this classification has recently been challenged
as it might not accurately reflect functionality.”® A range
of food sources provide dietary fiber, including whole
grains, legumes, fruits, and vegetables. Thereby, the type
of dietary fiber present varies by food source and usually
more than one type of fiber is available in a given food.***
For example, wheat contains arabinoxylans (approximately
70% of total dietary fiber content), f-glucans, and cellu-
lose,” whereas apples are higher in pectins as well cellulose
and hemicellulose.”® The chemical properties of the differ-
ent fiber types also determine their impact on host health
outcomes. Viscous fibers (e.g. f-glucan), for example, are
accepted for their cholesterol-lowering effects, whereas
insoluble fibers (e.g. cellulose) increase fecal bulk and
reduce gut transit time, which can relieve constipation.

Recommended daily intakes of fiber

Guidelines on recommend daily intakes of dietary fiber
vary between countries. In Ireland, recommendations are
to consume 24 to 30 g per day, whereas 14 g per 1000 kcals
(which is the equivalent to 28 to 35 g per day) are specified
in nutrition guidelines in the United States.”® Despite the
well-documented health benefits of dietary fiber, most
people in Western countries do not meet the recommended
levels. In fact, levels of dietary fiber intake have been stag-
nantly low over the last decades.”® Most recent data show
that in the United States, an average adult consumes
approximately 16 g of dietary fiber per day>® and the aver-
age intake was reported to be between 16 to 29 g per day in
Europe.”” In the last nationwide adult nutrition survey in
Ireland, the median intake was estimated at 18 g per day.*®
It is interesting to note that is has been suggested that
current recommendations might actually be too low to
produce significant physiological effects and levels closer
to 50 g per day, as observed in rural, non-industrialized
countries, might be necessary to elicit meaningful impact
on host health.***° Thus, with increasing knowledge on the
health benefits of fiber, current guidelines could undergo
revisions in the future.

Dietary fiber and the gut microbiota

The chemical properties of dietary fiber also determine the
degree of its impact on the microbiota. Thereby, it has been
suggested that only about 30% of dietary fiber from grain
products is available for microbial metabolism, whereas
75% to 90% of fibers from fruit and vegetables were esti-
mated to be metabolized by the gut microbiota.**?
Likewise, microbes differ in their enzymatic capacity to
metabolize the complex linkages of dietary fiber, with
some species being able to degrade a wide range of these
polysaccharides (generalists) while others are specialized
on only a few different ones (specialists).***°

The impact of dietary fiber on microbiota composition
and function has been extensively studied and
reviewed.”***” Typically, a diet high in fiber has been asso-
ciated with a “healthy” microbiota, such as increased
microbial diversity,*® although results can be inconsistent.*’
Furthermore, several studies have demonstrated a bloom in
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Box 1 Important definitions and types of common dietary fibers.

Carbohydrates. Organic molecules containing carbon, oxygen, and hydrogen; in the human diet, three main groups are
sugars, starch, and non-starch polysaccharides.

Dietary fiber. Umbrella term for complex carbohydrate polymers with 10 or more monomeric units which are neither
digested by the endogenous enzymes in the small intestine of humans nor absorbed; and have beneficial physiological
effect; this term includes non-starch polysaccharides, oligosaccharides, lignin, resistant starch, and other plant com-
ponents (i.e. gums, mucilages).

Added/functional fiber. Isolated and synthetic non-digestible carbohydrates with physiological benefits for humans.

Total dietary fiber. Sum of dietary and added/functional fiber.

Sugars. Monosaccharides (glucose, fructose, galactose), disaccharides (sucrose, lactose) and sugar alcohols (e.g. sor-
bitol, xylitol).

Oligosaccharides. Shorter chain complex carbohydrates of 3 to 10 (sometimes up to fifteen) monosaccharides; includes
the fermentable fructooligosaccharides and galactooligosaccharides.

Polysaccharides. Long-chain carbohydrates of 10 or more monosaccharide units; two classes include starches and non-
starch polysaccharides (i.e. dietary fiber).

Microbiota-accessible carbohydrates. Dietary carbohydrates that are resistant to degradation and absorption by the

host and metabolically available to gut microbes.

prebiotic capacity.)

metabolized by gut microbes.

and wheat.

Lignin. Complex polymer (not a polysaccharide) of phenylpropane units; component of plant cell walls.

Gums and mucilages. Not cell wall components; thick, gel-forming, highly branched non-starch polysaccharides that hold
plant cell walls together; examples include guar gum and gum arabic.

Prebiotics. Selectively fermented ingredient that results in specific changes in the composition and/or activity of the
gastrointestinal microbiota, thus conferring benefit(s) upon host health; most commonly known prebiotics are inulin,
fructo- or galactooligosaccharide, or pectin. (It is worth noting that not all prebiotics are fibers and not all fibers have

Resistant starch. A form of starch that is resistant for human enzymatic digestion in the small intestine and can function as
a prebiotic/dietary fiber in the large intestine; includes four forms: RS 1 “physically inaccessible”; RS 2 “ungelatinized”;
RS 3 “retrograded”; RS 4 “chemically modified”; RS 5 “amylose-lipid complex”.

Cellulose. Major cell wall component with linearly arranged glucose units (~10,000).

Hemicellulose. Complex carbohydrate containing monomers other than glucose (e.g. xylose, galactose, mannose); is
smaller in size than cellulose and usually branched structured.

Pectin. Common cell wall polysaccharide component in fruits and vegetables; highly water soluble and almost completely

p-glucan. A soluble, fermentable polymer of glucose with branched structure; rich food sources include oats and barley.
Inulin. Type of fermentable (mainly) fructose oligosaccharide with known benefits to gut microbiota and host health.
Arabinoxylans. Highly fermentable dietary fiber and major source of fiber in the diet; highest content can be found in rye

beneficial microbes, such as bifidobacteria and lactobacilli,
in response to high dietary fiber intake,**~" although these
strain specific changes can be distinct based on the fiber
type.  Resistant  starch  consumption  increased
the abundance of Bifidobacterium, Faecalibacterium,
Eubacterium, while decreasing some Ruminococcus
strains”>* and insoluble non-fermentable fiber such as cel-
lulose, can be degraded by cellulose-metabolizing microbes
such as Ruminococcus and Fibrobacter.>*

Due to dietary fiber serving as the main substrate for
microbial fermentation, microbial metabolite production
is also influenced by fiber intake, most notably SCFAs (ace-
tate, propionate, butyrate). Thereby, specific metabolites are
produced by specialized microbes.” Interestingly, a recent
study in pigs demonstrated that a microbiota-accessible
fiber elicited both targeted and secondary metabolic shifts
in the microbiota,”® suggesting that metabolic exchanges
and cross-feeding also contribute to metabolite production
in response to dietary fiber. Although insoluble fibers are

usually considered to be less metabolizable by the gut
microbes, changes in enzymatic pathways and metabolite
production, such as linoleic acid, nicotinate and nicotin-
amide, glycerophospholipid, glutathione, sphingolipid, as
well as valine, leucine, and isoleucine metabolic pathways
were observed after cellulose intake in animal models.””®

Although some generalizations regarding the impact of
dietary fiber on higher microbial diversity, composition
(especially the bloom of beneficial microbes) and enzymatic
capacity can be made, large interindividual variations are
often observed. These differences in responses could be
attributed to intrinsic factors of the host (e.g. genetics)®*®°
as well as habitual diet or the baseline microbiota compo-
sition. For example, a baseline microbiota composition har-
boring the enzymatic capacity able of degrading dietary
fiber (e.g. Prevotella) could be an important predictor of
an individual’s response to a dietary intervention.®"®*
Likewise, individuals with a lower habitual fiber intake
could potentially have the highest gain from a fiber



intervention.®*** More studies investigating how  the
microbiota responds to dietary fiber and which factors
could predict the directionality of the response are
warranted.

Dietary fiber and cognition: What do we
know?

The impact of dietary fiber on the brain has been
investigated in relation to mental health, brain function,
and cognitive performance (Box 2). Regarding mental
health, the importance of adequate and healthy dietary
intake has long been appreciated®>®® and large cohort stud-
ies have demonstrated that high diet quality and healthy
dietary patterns are associated with reduced symptoms of
depression.®”*® More recently, adequate dietary fiber intake
(often a hallmark of diet quality) has also emerged as an
important factor in supporting mental well-being by low-
ering odds of developing depression.®” While less data are
available regarding the association between dietary fiber
intake and brain structure, results seem to suggest that die-
tary patterns with higher fiber intake might be associated
with better brain integrity (larger total brain volume and
less white matter damage) in older adults’ and animal
models (white matter microstructural integrity).”" In
terms of cognitive function, the importance of diet quality
and overall healthy dietary patterns across the lifespan has
also been acknowledged. Thereby, better maternal diet
quality including adequate intake of dietary fiber can
have positive effects on neurodevelopment in children of
elementary school age or younger.”” In children and ado-
lescents, better food quality (that is consumption of health-
ier foods, including whole grains, fruits, and vegetables)
was associated with improvements in executive function-
ing (e.g. inhibitory control, working memory), but also

Box 2 Definitions of terms relating to the brain.

Brain function. Umbrella term to all functions pertaining
to the brain.

Brain structure. Refers to the anatomy of the brain. The
three main structural divisions are the cerebrum
(divided into four lobes (frontal, parietal (middle),
occipital (back) and temporal (sides)), brainstem
(divided into medulla, pons and midbrain), and cere-
bellum. The two types of tissues that make up the
brain are the grey and white matter.

Mental health. According to the World Health
Organization, mental health is defined as “a state of
well-being in which the individual realizes his or her
own abilities, can cope with the normal stresses of life,
can work productively and fruitfully, and is able to
contribute to his or her community”. Includes emo-
tional, psychological, and social well-being.

Cognition. Process of acquiring knowledge and
processing information; different types of cognitive
processes include attention, learning, memory, prob-
lem-solving, or decision making.

Berding et al.
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attention and episodic memory.”* On the other hand, poor
dietary quality (e.g. intake of sugar-sweetened beverages,
processed food) correlated with poorer executive func-
tion.”> On the other extreme of life, in elderly populations,
healthy dietary patterns, such as the Mediterranean or
MIND  (Mediterranean-Dietary =~ Approach to Stop
Hypertension Intervention for Neurodegenerative Delay)
diet and consumption of a dietary pattern characterized
by high intakes of vegetables and fruits have been associ-
ated with healthy aging and reduced cognitive decline as
well as alleviated cognitive impairment.”*””” The combined
intake of fruits and vegetables has been shown to improve
performance in attention, memory, executive functions,
speed of processing, and global cognition (Mini-Mental
State Exam).”® Despite the growing knowledge on the
impact of dietary patterns and food groups on cognitive
abilities, whether these benefits are associated with the die-
tary fiber content or can be attributed to other beneficial
nutrients present in these foods, such as polyphenols,
unsaturated fatty acids or vitamins, cannot be determined
from these studies.

Evidence from observational studies

To better understand which nutrients influence cognition,
studies have begun to individually correlate nutrient intake
with cognitive outcomes. For example, evidence suggests
that the benefits of omega-3 fatty acids on cognitive func-
tions include improved attention.”” The associations
between dietary fiber and cognition studies are summa-
rized in Table 1. In children, higher intakes of insoluble
and total fiber (as measured by a three-day food record)
were related to better cognitive control involving attention-
al inhibition."" Interestingly, these associations might
be gender specific, as suggested by studies reporting sig-
nificant correlations between dietary fiber intake or diet
quality scores and non-verbal reasoning in boys, but not
in girls."* Although this is an intriguing observation, dif-
ferences could also be attributed to known gender differ-
ences in cognitive function; thus, this correlation warrants
further investigation. Additionally, while these studies
hint at the important role adequate fiber intake plays in
healthy development during childhood, a recent systematic
review concluded that low to very low evidence for the
relationship between childhood fiber intake and subse-
quent health outcomes, including cognitive function, is
available.®

A few studies have also investigated the impact of die-
tary fiber intake in other age groups. In an Australian
middle-aged cohort, habitual consumption of higher fiber
or multigrain products was associated with better cognitive
performance.92 However, this study included a brief, 13-
item telephone interview screening for global cognitive
function, which is recognized as a major limitation in this
study. Among older populations, higher habitual intakes of
dietary fiber correlated with better cognitive capacity and
reduced cognitive decline.'**"#%°> Good dietary practices
in earlier life, including adequate dietary fiber intake, could
also be crucial for later cognitive abilities, as was demon-
strated in a recent study. This prospective study reported
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that higher intake of dietary fiber in young adulthood was
associated with later better cognitive performance in verbal
learning and memory, psychomotor speed, sustained atten-
tion and working memory in middle age.”

Evidence from interventional studies

Most human interventional studies investigating the effica-
cy of dietary fiber to improve cognition have used prebiotic
supplementations.®” In healthy participants, a decrease of
attentional vigilance to negative (versus positive) informa-
tion was observed after a three-week supplementation with
B-immuno-galactooligosaccharide®® and our lab recently
showed that polydextrose led to subtle improvements in
cognitive flexibility and sustained attention.” Likewise,
improvements in recognition memory were observed
after one acute dose of oligofructose-enriched inulin®
and non-starch polysaccharide® in healthy adults.
Although there is an increase in human intervention
studies investigating the cognitive enhancing effects of pre-
biotics, a recent systematic review and meta-analysis
concluded that the currently available evidence does not
support the use of prebiotics to influence cognitive
measures."”

Besides using isolated dietary fibers or prebiotics, other
ways to study the impact of dietary fiber on the brain is
through the use of high fiber foods. A small number of
intervention studies have used single high fiber foods to
investigate whether cognitive performance could be
improved through increased fiber intake, yielding inconsis-
tent results. For example, a nine-week supplementation
with mixed-grain product containing 13.4 g of total dietary
fiber in high-school students (age range 15-17 years of age)
improved performance in sustained attention (continuous
performance test).*® Likewise, better performance on a
working memory task was observed after an intervention
with a berry beverage.”* However, the berry beverage also
contained a significant amount of polyphenols, and given
the known impact of polyphenols on the brain®*>% it is
not possible to decipher whether the benefits on cognitive
performance in this study could be attributed to the fiber or
polyphenol content of the study product. On the other
hand, a short-term (three days) intervention with rye-
based bread did not change working memory and
attention.””

By reviewing the available literature, a gap in studies
investigating the impact of dietary fiber on cognition was
identified. Most studies to date focus on mental health
(particularly depression) in relation to dietary fiber
intake. While knowledge on the association between
dietary fiber and cognition is growing, only a handful of
studies (especially those focusing on dietary fiber alone) are
available to date. While current marketing strategies
include the promotion of dietary fiber for improving cog-
nition, scientific evidence for these claims are lacking.
Thereby, both studies examining the general association
between fiber and cognition as well as other specific
research questions remain to be addressed.

Berding et al.
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Candidate mechanisms for the impact of
fiber on cognition

With the now widely accepted concept of the microbiota-
brain communication,'® researchers are focusing on
exploring how microbes exactly exert their influence on
the brain. Both microbiota-dependent as well as
microbiota-independent effects of dietary fiber on host
health have been described.”

Microbiota-independent mechanisms

Independently of the gut microbes, dietary fiber can inter-
act with enterocytes and support epithelial barrier function,
gut homeostasis, and the intestinal immune response. For
example, it has been demonstrated that dietary fiber can
promote the assembly of tight junction proteins or intesti-
nal epithelial cell proliferation and differentiation through
AMP-activated protein kinase, epidermal growth factor
receptors, or toll-like receptor dependent mechanisms.”
Likewise, dietary fiber can regulate cytokine and chemo-
kine production and release from intestinal epithelial cells
as well as act on intestinal dendritic cells, macrophages,
monocytes and mast cells, thereby promoting the develop-
ment of the intestinal immune system.”® This microbiota-
independent immune modulation of dietary fiber was
demonstrated in an animal study in which supplementa-
tion with resistant starch resulted in reduced macrophage
expression in the adipose tissue and improved insulin
sensitivity.”

Microbiota-dependent mechanisms

While these microbiota-independent effects might have
local health benefits, microbiota-dependent mechanisms
could be more relevant to the distant brain modulating
properties associated with high fiber intake. Specifically,
the well-documented growth in beneficial gut commensals
(e.g. Bifidobacterium, Lactobacillus, Akkermansia muciniphila),
inhibition of potential pathogens (e.g. some Clostridium
species, Enterococcus, Escherichia), as well as the production
of microbial metabolites (e.g. SCFAs) could play important
roles. Other potential mechanisms include immune, endo-
crine, neuronal, or vagal routes. These potential pathways
involved in the impact of dietary fiber on cognition
are illustrated in Figure 1 and are summarized in the sec-
tions below.

Short chain fatty acids

As the end-product of microbial fermentation of dietary
fiber, SCFAs appear to be the most obvious route of com-
munication between the gut microbiota and the brain that
could be mediated by dietary fiber intake. Indeed, a wide
variety of potential mechanisms whereby SCFAs exert
influence on brain functioning have been proposed. First
and foremost, SCFAs support intestinal barrier integrity
and regulate gastrointestinal immune cells,'™ which posi-
tively modulates the peripheral immune system and ulti-
mately protects against neuroinflammation. Protection
against infiltration by neurotoxic factors is also provided
through the enhancing effect of SCFAs on blood-brain
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Figure 1. Candidate mechanisms for the impact of dietary fiber on cognitive functions. While the mechanisms underlying the benefit of fiber on cognition have not
been established, several microbiota-dependent pathways could be proposed. Certain microbes can degrade dietary fiber, supporting their growth and the pro-
duction of metabolites (e.g. short chain fatty acids (SCFAs)). These microbes themselves and their metabolites can regulate neurochemistry relevant to cognitive
processes, stimulate neurotransmitter production, and influence neuronal function. Likewise, gut hormones (e.g. ghrelin, peptide YY) with neuroactive potential can be
affected by microbes and microbial metabolites. Another important pathway whereby dietary fiber exerts influence on cognition could be immune mediated, through

the kynurenine pathway or the vagus nerve.

barrier (BBB) integrity through increasing occludin
expression.101 Additionally, SCFAs can modulate the con-
centrations of neurotransmitters (e.g. serotonin, glutamate,
y-aminobutyric acid (GABA))'**'*®® and neurotrophic fac-
tors,'* thereby regulating the growth and excitability of
neurons and synapses and influencing cognitive processes
such as learning and memory.'”* Lastly, SCFAs modulate
the hypothalamus-pituitary-adrenal (HPA) axis, the main
neuroendocrine regulator of stress responses in mammals,
which was demonstrated in a recent human trial in which
SCFAs attenuated cortisol response to psychosocial
stress.'”® Other routes through which SCFAs manipulate
microbial communication to the brain include neuronal,
vagal or other humoral pathways, which are further out-
lined below.

Neurotransmitters and neurotrophic factors

Early evidence using germ-free mice demonstrated that the
microbiota does not only fundamentally impact host
behavior, but also regulates neurochemistry and brain
structure.’”'%1% Other animal studies reporting correla-
tions between the abundance of certain bacterial species
and concentrations of molecules important for cognitive
processes (e.g. brain-derived neurotrophic factor (BDNF),
a key molecule for memory formation)'® provided addi-
tional evidence that gut microbes could be involved in neu-
rochemical aspects relevant to cognitive function.
Additionally, different neurotransmitters and receptor
functions that have been implicated in cognitive processes
(e.g. serotonergic, dopaminergic, cholinergic, adrenergic
system)'%!% can be directly or indirectly influenced by
the microbiota. The neuroactive potential of the human

gut microbiota resulted in the construction of so-called
“gut brain modules”,""" demonstrating the capability of
microbes to produce neurotransmitters from dietary sour-
ces."'>!® Although these neurotransmitters cannot directly
be produced from dietary fiber, bacterial species which are
known neurotransmitter producers also respond to dietary
fiber. For example, Lactobacillus, a beneficial microbe that
grows under high fiber intake, showed positive correlations
with mRNA expression of serotonin receptors in juvenile
rats'"'* and another Lactobacillus strain (L. casei) improved
serotonin biosynthesis in healthy young adults."'

More importantly, a recent small-scale human study
observing associations between the gut microbiota, proc-
essing speed and mental flexibility as well as changes in
fecal and plasma glutamate metabolism''® and a rye-
kernel-based bread intervention resulting in increased
plasma BDNF levels in a human cohort,"” could suggest
that dietary fiber modulates the microbial influence on neu-
rochemistry. Likewise, BDNF is involved in synaptic plas-
ticity,""® the activity-dependent change in strength or
efficacy of synaptic transmission, suggesting another indi-
rect avenue by which fiber-modulation of the gut micro-
biota could impact cognitive processes.

Gut hormones

Gut microbes can directly produce and SCFAs can stimu-
late the secretion of gut hormones, such as glucagon-
peptide 1 (GLP-1), peptide YY (PYY), and ghrelin.""***
Recent research has determined that the function of these
gut hormones can go beyond local regulation in the gastro-
intestinal tract."?' For example, these gut-derived hor-
mones can influence synaptic activity and formation and



contribute to cognitive functions, such as learning and
memory formation.'**'* Mechanisms of action could
include direct effects in the brain as some hormones were
shown to cross the BBB and reach the hypothalamus or
hippocampus'**'® or signalling through receptors that
have been identified in various brain regions and vagal
afferent terminals.'**"'*® Dietary fiber could thereby medi-
ate the production of gut hormones by the microbiota as
shown in a human study reporting that highly fermentable
prebiotics resulted in increased satiety, reduced hunger and
changes in appetite though microbiota-elicited changes in
GLP-1 and PYY."”

The immune system

The gut microbiota plays a fundamental role in training
and regulating the immune system, an association that
could also be of importance in cognition,'**™** as inflam-
mation has been linked to cognitive impairment and
decline.®® Dietary fiber could, thereby, alleviate cognitive
dysfunction through its anti-inflammatory potential via
the gut microbiota, support of gut barrier integrity or
increasing the abundance of bacterial strains, such as
Bifidobacterium or Lactobacillus, and the concentration of
SCFAs, which have anti-inflammatory properties.'***%
A recent animal study revealed that dietary cellulose
exerts anti-inflammatory effects through maturation of
the gut microbiota'*® and a short-term dietary fiber inter-
vention increased circulating anti-inflammatory SCFAs and
decreased pro-inflammatory chemokines and cytokines in
patients with rheumatoid arthritis."*” Direct evidence for
the underlying immune pathway in cognitive benefits of
dietary fiber were presented recently in an animal model
where microbiota-accessible carbohydrates prevented neu-
roinflammation and cognitive decline in a high-fat, fiber-
deficient diet-induced obese mice model.”*® Another study
highlighted that supplementation with a B-GOS mixture
attenuated neuroinflammation and cognitive impairment
in a rat model of abdominal surgery.'® Furthermore,
immune mediated pathways have been suggested to
underlie the impact of the gut microbiota on
neurogenesis, 04!

Kynurenine pathway

Kynurenine is a metabolite of tryptophan metabolism.
Although the most well-known bioactive molecule derived
from tryptophan is probably serotonin, it has been estimat-
ed that 90% of available tryptophan feeds into the kynur-
enine pathway.'*> Kynurenines can be produced in various
tissues, including the liver by the enzyme tryptophan
dioxygenase and the brain through indoleamine 2,3-dioxy-
genase.'” Importantly, the kynurenine pathway has been
implicated in a range of neurobiological functions, includ-
ing cognition."**'*> The microbiota has been implicated
in regulating the kynurenine pathway, by metabolizing
dietary derived tryptophan, but also by independently pro-
ducing tryptophan and other kynurenine metabolites'*®
In this regard, the use of prebiotics and especially probiotic
was recently found in a systematic review to modulate
the kynurenine pathway.'¥ Numerous mechanisms

Berding et al.
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(e.g. neuroendocrine or immune system) were identified
by which the gut microbiota can regulate the kynurenine
pathway.'*®

Kynurenine has the ability to cross the BBB and be
metabolized into neuroactive products, including kynur-
enic (neuroprotective) and quinolinic (neurotoxic) acid.
These metabolites in turn can impact cholinergic, glutami-
nergic, or dopaminergic neurotransrnissi0r1,148’149 impor-
tant mechanisms for cognitive processes such as memory
consolidation™ or spatial working memory."”" Exactly
how dietary fiber could modulate the kynurenine pathway
is unclear, but it could be proposed that dietary modulation
of gut microbes which either impact the availability of cir-
culating kynurenine and modulate distribution in the CNS
or exert anti-inflammatory properties could be an impor-
tant link. It has been shown that immune system and
kynurenine metabolism are tightly connected,*® with
inflammation disrupting the kynurenine pathway and con-
sequently neurotransmission. Thus, a bloom in anti-
inflammatory microbes and their metabolites (e.g. SCFA)
through dietary fiber could normalize the disrupted kynur-
enine pathway in inflammatory states. Indirect evidence
that an increase in beneficial microbes could positively
modulate cognition through the kynurenine pathway was
provided by a probiotic (Lactobacillus plantarum 299v) sup-
plementation study which decreased kynurenine concen-
tration and improved measures of attention and episodic
verbal learning and memory in depressed patients.'>
Whether dietary fiber could have similar effects remains
to be determined.

The vagus nerve

Landmark studies reporting that behavioral effects could
be abolished after animals undergo vagotomy provide
direct evidence for vagal signal transduction from the gut
microbiota to the brain.”>'** Importantly, the vagus nerve
can be activated by fiber-responsive gut microbes (includ-
ing symbionts such as L. rhamnosus or B. longum'>*'>®) and
SCFAs.'™? This vagus nerve activation could enhance
aspects of cognition, as demonstrated in a human cohort
that showed improved recognition memory after undergo-
ing vagal stimulation.'*® However, results need to be repro-
duced to establish whether this vagal stimulation
modulates cognitive processes. Furthermore, the potential
of dietary fiber to influence the vagus nerve through the
microbiota was demonstrated in a recent animal study, in
which potato-resistant starch inhibited vagal remodeling
associated with a high-fat diet-induced microbiota.””
Lastly, vagal activation could, also stimulate neurogenesis
and BDNF expression.'”® Neurogenesis, especially in the
hippocampus, was suggested to play an integral part in
learning and memory," indicating that the vagus nerve
could be involved in the microbial influence on cognitive
processes. Taken together, these findings suggest an indi-
rect pathway through the microbiota and vagus nerve by
which dietary fiber influences cognition.

With the increase in studies investigating the influence
of dietary fiber on brain function, other, previously
unknown mechanisms, are likely to be unraveled.
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Certainly, a multitude of intertwined pathways (both
microbiota-dependent and independent) are probable to
emerge as underling avenues of the fiber-brain cross talk.

Conclusions and future research needs

While data from animal studies are accumulating, demon-
strating the influence of dietary fibers on cognitive abilities,
definite evidence supporting translatability of these find-
ings into human populations is lacking. Emerging evidence
from observational and interventional studies has started to
elucidate the impact of dietary fiber on cognition, but more
data are needed to support conclusions to be drawn at this
stage. Given the low fiber consumption in Western socie-
ties, understanding the long-term implications on cognitive
function is a necessary area of investigation.

Most of the available evidence provided has focused on
the relationship between fiber intake at the extremes of life,
highlighting the need for studies investigating the impact
of dietary fiber across different age groups. Considering the
importance of dietary fiber on overall health and existing
evidence regarding mental health, it is undoubtful that
these studies will generate data that establishes detrimental
consequences of low habitual dietary fiber intake on cogni-
tive outcomes. Therefore, another question that needs
attention is whether these adverse effects can be salvaged
by switching to a high fiber diet. Whole-diet nutritional
interventions have shown improvements in some cognitive
domains across different age ranges, but additional studies
are vital to elucidate the role of dietary fiber. Additionally,
based on recent discussions, pinpointing the amount of
fiber necessary to elicit cognitive benefits will be important
for the development of dietary guidelines. Similarly, the
degree to which the different types of dietary fiber can
influence cognition and whether certain aspects of cogni-
tion are more prone to be manipulated by dietary fiber
needs to be addressed. In human cohorts, observational
data indicated that especially intake of fiber from vegeta-
bles, fruit, or seaweed was associated with decreased odds
of depressive symptoms, whereas this association was not
observed for other fibers, for example from cereals.'®"'%?
Thereby, microbial accessibility (i.e. fermentability) could
be an important factor in determining the cognitive influ-
ence of a dietary fiber. Lastly, most studies to date investi-
gating the relationship between dietary fiber and cognition
have not investigated potential underlying mechanisms,
including the role of the gut microbiota. Therefore, future
research should include outcomes that allow for the inves-
tigation of mechanisms, including immune pathways and
microbial metabolites.

Certainly, addressing these research questions in human
populations will not come without challenges. For exam-
ple, measuring cognitive improvements in a healthy popu-
lation with normal baseline cognitive function can be
difficult due to ceiling effects. Thus, selection of appropri-
ate cognitive tests that are sensitive to changes even in non-
clinical populations and robust to repeated measures (e.g.
alternative validated forms) is essential. Thereby, increas-
ing tasks demands, going beyond assessing overall cogni-
tive function, and dissecting the underlying cognitive

processes (for example, in a working memory tasks deter-
mining if participants have difficulties or improve in main-
tenance or manipulation processes) will be important
considerations. Furthermore, an interdisciplinary science
approach bringing together nutrition and cognition scien-
tists and adding neuroimaging techniques is important in
order to have a stronger exploration of the specificity of
effects on cognitive processes that underlie more broad
overall cognitive functions. Likewise, investigating cohorts
with cognitive deficits may be warranted as targeting the
microbiota to improve cognition could hold promise for
future intervention strategies.'® In the context of malnutri-
tion, which is often associated with poor cognitive func-
tion,> a microbiota-directed complimentary foods
intervention that included some fiber sources improved
neurodevelopment in malnourished children.'®* Lastly,
although the health benefits of consuming adequate dietary
fiber apply to all individuals, high variability in metabolic
or gastrointestinal responses is often observed, which could
be attributed to individual’s genetics, microbiota, or other
lifestyle factors. Thus, it will be crucial to understand deter-
mining factors that could predict an individual’s cognitive
response to dietary fiber intake.

Despite many opportunities for improving mental
health and cognitive functioning being connected to ade-
quate dietary fiber intake, more research needs to be done
to clearly establish causality, understand the role of differ-
ent fiber types, and decipher mechanistic relationships.
Many health claims have been associated with a high
fiber diet and for some diseases (e.g. gastrointestinal disor-
ders), dietary fiber interventions are a common clinical
approach for the management of symptoms.” Previously,
the role of dietary habits in supporting mental health has
been emphasized'® and it has been recommended that
patients with mental health problems should be encour-
aged to consume diets high with content of grains and
fibers.'®® However, more high-quality data on the relation-
ship between fiber and brain are required to establish
evidence-based health claims and to develop therapeutic
interventions for diseases associated with cognitive
dysfunction.
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